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ABSTRACT

Glycerophosphatidylcholine containing trans-unsaturated
fatty acid residues was prepared by reaction of the corre-
sponding naturally occurring cis lipid with photochemically
generated thiyl radicals. This modified lipid was chosen as
the simplest model for gaining some insights of the complex
scenario of membrane formation, in connection with the role
of lipid geometry and the predominance of cis lipids in
eukaryotic cells. The critical aggregation concentration for
the spontaneous formation of vesicles was determined for cis
and trans isomers with cis-parinaric acid used as a fluores-
cent probe and it was found to be similar for both lipids.
Vesicle dimensions were investigated by light scattering and
electron microscopy, and the type of fatty acid residues
influenced the vesicle diameter, with a decrease along the
series cis > trans > saturated. Fluorescence measurement of
dye release from trans and cis vesicles showed also a differ-
ent permeability. A picture emerged of the geometrical
isomer preference in cells as a process driven by natural
selection during the life evolution of different organisms,
both in terms of compartment dimensions and membrane
functionality.
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INTRODUCTION

Unsaturated fatty acid residues of glycerol-based phospholipids
in eukaryotes generally have the naturally occurring cis double-
bond geometry, which is strictly controlled during biosynthesis
by the regiospecific and stereoselective enzymatic activity of
desaturases (1,2). Membrane physical and functional properties,
such as chain melting transition temperature (7,,,), *‘fluidity”’ and
permeability, have a fine balance, which is also regulated by the
appropriate ratio between saturated and cis unsaturated fatty
acids (FA).

Considering the variety of glycerophospholipids, which are the
most abundant lipids in cell membranes, those containing fatty acid
residues with the trans configuration of double bonds are not
natural in eukaryotes. They have attracted attention because of their
growing relevance in nutrition and health. The effect of trans fatty
acid intake has been the subject of several investigations, which
evidenced how trans isomers can be metabolized and become
constituents of membrane phospholipids. Epidemiological studies
have also linked this intake with health complications (3-7). In an
effort to understand the potential harmful effects of trans
phospholipids in membranes, some recent articles reinvestigated
the different membrane properties induced by cis and trans
geometries (8,9). Recently, it has also been shown that trans lipid
geometry influences the affinity of membranes for cholesterol
incorporation and the activity of eco-Ri protein (10). These works,
together with previous data (11,12), contributed to a comprehensive
picture of the lipid geometry strictly involved with the organization
and functioning of cell membranes.

On the other hand, trans geometry of membrane phospholipids is
natural for some bacteria and means survival. In fact, unsaturated
fatty acid moieties are essential for a short-term adaptation
response to increases in the ambient temperature or high
concentrations of toxic substances (13,14). They are enzymatically
converted from cis to trans isomers, without shifting the double-
bond position. Analogous enzymatic pathways for the cis-trans
isomerization in mammals are unknown.

We became interested in the biological meaning of trans lipid
geometry (15,16) in the course of our studies on the thiyl radical-
catalyzed cis-trans isomerization of phospholipids in model
membranes (17-19). This process occurs by the addition of RS®
radicals to the double bond and subsequent B-fragmentation of the
radical adduct, as shown in Fig. 1, wherein the equilibrium is
shifted to the right toward the more stable geometrical trans isomer.
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The influence of kinetic and thermodynamic factors on the process
was also determined (20).

Taking into account the chemical behavior in favor of trans
structures and the biological predominance of cis isomers, we
focused on the reason why only the cis geometry is present in
eukaryotic unsaturated fatty acids. Curiously, this question has
been omitted from the interesting debates of the fatty acid presence
during the evolution of cell membranes and mankind (21-23).
Indeed, the most used argument is that cis lipids are needed for an
optimal cell membrane balance. However, it is not straightforward
whether trans isomers have been a priori excluded from the
eukaryotic cell membrane composition, or whether this is a result
of life evolution and selection. The fact that some bacteria still use
trans lipid geometry could favor the hypothesis of an evolution-
ary meaning.

An inspection of the literature reveals that relevant information
on the influence of trans lipids is still lacking, in particular the
critical aggregation concentration (CAC) to form spontaneously
unilamellar vesicles and the resulting average dimensions.
Dimensions are indeed relevant in prokaryotic and eukaryotic
cells (24,25).

In the present work the photochemical preparation of a trans FA
containing glycerophosphatidyicholine is described, and new
insights on spontaneous vesicle formation, the CAC value, vesicle
permeability and dimensions and the behavior of the so-called
“matrix”’ effect, also were determined under physiological
conditions. Fluorescence and light scattering techniques, together
with electron microscopy, were used with cis and trans vesicle
suspensions. An initial scenario is obtained indicating the
directions for further interdisciplinary work, with a focus on
the meaning of the unsaturated lipid geometry in the biologi-
cal environment.

MATERIALS AND METHODS

2-mercaptoethanol, bicine[N,N-bis-(2-hydroxyethyl)glycine], MOPS [3-(V-
morpholino) propanesulfonic acid] and DPPC (1,2-dipalmitoyl phosphati-
dylcholine) were commercially available from Sigma-Aldrich (Milan, Italy)
and used without further purification. Tris (trs-(hydroxymethyl)-amino-
methane) was from Merck (Darmstadt, Germany). POPC (1-palmitoyl-2-
oleoy! phosphatidylcholine) was from Chemi SpA (Cinisello Balsamo,
Milan, Italy). Isopropanol (i-PrOH), absolute ethanol, chloroform and
methanol were purchased from Merck or Sigma-Aldrich (HPLC grade). cis-
parinaric acid (9cis,11trans,]13trans,15cis-octadecatetraenocic acid) and 5-
(and-6)-carboxyfluorescein (CF) were obtained from Molecular Probes, Inc.
{Eugene, OR). Chromatography was performed on Florisil® (TLC grade,
Sigma-Aldrich) by using the eluent as specified in the protocols and
analytical thin layer chromatography (TLC) on Merck silica gel 60 plates.
Lecithin analysis for cis/trans isomer content was performed by trans-
esterification to the corresponding fatty acid methyl esters (FAME) with 0.5
M KOH/MeOH for 10 min at room temperature (26) and GC analysis as
previously reported (17).

POPC isomerization by photochemical reaction. A quartz photochemical
reactor equipped with a 5.5 W low-pressure mercury lamp was used, and
the temperature was maintained constant by means of a thermostat bath. A
solution of POPC (60 mg; 0.079 mmol) in isopropanol (5.2 mL) was placed
in the reactor and bubbled with argon for 20 min. Then, 2-mercaptoethanol
(3 mg; 0.039 mmol) was added and the solution was irradiated for 30 min at
22°C. After this time, the solution was transferred to a flask and evaporated
under vacuum to afford a crude reaction mixture, which was dissolved in

R,

Photochemistry and Photobiology, 2006, 82 275

Figure 1. The isomerization process occurs via a thiyl
radical addition to the double bond and subsequent (-
elimination from the intermediate radical adduct.

chloroform and purified on a Florisil column. After washing with a 80:20
chloroform:methanol mixture, the lecithin was collected in one fraction by
elution with a (20:10:0.4:0.2 ) chloroform:methanol:water:25% ag. NH,OH
mixture. The purity of the material was checked by TLC on silica gel, with
the use of the above-specified eluent (R; = 0.51). The purified material
corresponded to pure lecithin (59 mg; 0.077 mmol; 98% yield), which was
analyzed by GC for the trans isomer content and resulted to be composed of
83:17 trans:cis isomer (PEPC-83). The synthesis could be repeated on a
10-fold scale with reproducible results.

Phase transition temperature measurement. The measurements were
performed by differential scanning calorimetry (DSC) with the use of
a TAC7/DX DSC 7 system (Perkin Elmer, Boston, MA). The sample was
prepared in a glass tube by dispersing appropriate amounts of lipid
(28.5 mg/mL) in 0.22 M bicine buffer, pH 8.5. An aliquot of the sample
(20 mg) was put into aluminum DSC pans and placed in the DSC
instrument. The sample was cooled down slowly (10°C/min) to 0°C and kept
at this temperature for 10 min. The DSC trace was then obtained by slowly
heating the sample (10°C/min) to a final temperature of 60°C. The phase
transition temperature was determined by extrapolating the slope of the
onset of the transition to the baseline. Transition enthalpy was calculated
from the DSC peak area. Cooling and heating processes were repeated for
the sample, and it was confirmed that the DSC traces were reproducible.

Vesicle preparation by the injection method and light scattering
measurements. POPC, PEPC-83 or DPPC was first dissolved in methanol
at room temperature. Aqueous lipid suspensions were then prepared by
injecting the methanolic solution through a Hamilton syringe (Bonaduz,
Switzerland) into 10 mL of a slowly stirred buffer solution (27,28). Two
buffer solutions were used: 0.2 M bicine at pH 8.5, or 0.01 M potassium
phosphate buffer at pH 7.4. In both cases these were fiitered through a
0.2-pum filter (Coming, Inc., Acton, MA) in order to avoid dust-particle
interference. Vesicle suspensions with a final lipid concentration in the
range 0.004-0.16 mM were prepared for the measurements. During the
injection, the temperature was kept at 30 * 1°C for both POPC and PEPC-
83, and at 50°C when DPPC was used. A 2.5 mL amount of the phos-
pholipid suspension was transferred to a quartz cell, and measurements
were done by a Zetasizer mod. 3000 (Malvern Instruments Ltd., Malvern,
UK), with a 90° scattering angle. Temperature was set at 30 or 50°C, and
the measurement started after 5 min to allow for temperature equilibration.

Fluorescence measurements and vesicle formation. Fluorescence mea-
surements were recorded on a Perkin Elmer Luminescence Spectrometer LS
50 B. Lipid suspensions were kept at 35°C, and for DPPC suspensions the
temperature was set at 50°C during the preparation, incubation and
measurements. Suspensions were prepared at 0.001 M lipid concentration
by the injection methodology, as previously described, with the two
previously described buffers. From this suspension, the other samples were
obtained by serial dilution. The final phospholipid concentration varied
between 1.25 X 107% and 5 X 107 M. Fresh cis-parinaric acid (cis-PnA)
solutions were prepared each working day by dissolving a small amount of
crystals in absolute ethanol previously degassed with argon (29,30).
Because of large insoluble particles, cis-PnA stock solution was then
filtered, and probe concentration was determined by measuring UV
absorption at A = 3042 nm (e = 78 000 M~ Vem™). If necessary,
cis-PnA stock solution was diluted in order to have Abs(Ap,,) < 1.

The lipid probe solution was added to the vesicle suspension to reach the
final concentration of 1 pAf. Samples were then left 3 h at the defined
temperature before measurements were taken. The spectrofluorimetric
detection was performed at 415 nm upon excitation at 305 nm.

Determination of the “matrix” effect. Addition of oleate micelle solution
to pre-formed vesicles. Oleate stock solution (22 mM) was prepared by
solubilizing a certain amount of sodium oleate (0.067 g; 0.022 mmol) into
ultrafiltered water (1 mL). A 200 pL amount of this micellar solution
(pH 10.5) was injected with a Hamilton syringe directly into a quartz cell
containing 2 mL of preformed PEPC-83 vesicle suspension in 0.2 M bicine
buffer, pH 8.5, as previously described. After the injection, the cell was
gently hand shaken (three times), then inserted into the cell holder.

Electron microscopy measurements of vesicle dimension. A 10 pL
amount of vesicle suspension (1 mg PC/mL) prepared as previously
described was adsorbed to Formvar and carbon-coated 300-mesh nickel
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grids (Canemco Inc., Canton de Gore, Canada) for 3 min and negatively
stained with 2% phosphotungstic acid pH 7.4 (for 2 min). After removal of
the excess of stain, the specimen was air dried and observed with a Zeiss
EM 109 electron microscope (Jena, Germany).

Permeability measurements. Leakage of carboxyfluorescein from vesicles
of different composition. Multilamellar vesicles (MLV) containing 5-(and-
6)-carboxyfluorescein (CF) were prepared from 3 mg POPC or PEPC-83 in
chloroform. A thin lipid film was generated in a round-bottom tube by
evaporation of the solvent under a gentle N, stream followed by rehydration
of lipids at room temperature in 0.5 mL of buffer (0.5 M MOPS, pH 6, and
NaOH) containing CF to reach a final 53 mM concentration of the dye. Then,
phospholipids were dispersed by vortex stirring for 10 min and vesicles were
annealed for one night in the dark at 37°C. Unilamellar vesicles (LUVET)
were obtained by extruding 0.5 mL of the MLV suspension 21 times through
100-nm pore polycarbonate membranes (Nucleopore, Pleasanton, CA}) with
LiposoFast (Avestin, Ottawa, Ontario, Canada). The untrapped CF was
removed by passing the unilamellar vesicles through Sephadex G-25
columns (Pharmacia, Uppsala, Sweden) with 50 mM Tris-HCl, 100 mM
NaCl, pH 7.4, as eluent. Vesicles emerged in the void volume, whereas free
dye was retarded by the gel. Each preparation was kept in the dark until use.
To measure CF release, vesicies were diluted in 3 mL of Tris-HCI buffer to
yield a final CF concentration of 50-100 nM. The probe concentration was
determined spectrophotometrically, assuming a molar extinction coefficient
of 72 000 M ' cm™ at 492 nm (31). Fluorescence measurements were
performed at 37°C in a Jasco FP-777 spectrofluorometer (JASCO Lid., Great
Dunmaw, UK) at 520 nm upon excitation at 470 nm, and the samples were
maintained under continuous stirring.

RESULTS AND DISCUSSION

Photochemical generation of thiyl radicals and
lipid isomerization

The UV photolysis (250-260 nm) of alkanethiols has been studied
in some detail in both gas and liquid phase, and the reaction
products are consistent with Eqs. 1-3 (32,33)

RSH +hv — RS® +H* (1)
H* +RSH — H, + RS" (2)
2RS* — RSSR (3)

In our previous studies (16-20), amphiphilic HOCH,CH,SH
was often used without any concern about the partition of thiol
between hydrophobic and hydrophilic regions (34). However, H*
atoms react with HOCH,CH,SH by two distinct paths. Apart from
the hydrogen abstraction that occurs with a k, = 1.4 X 10° M~ 571,
a homolytic substitution at sulfur is also effective, as shown in
Eq. 4 (ks =3.3 X 108 M~! s71), the preference being 4:1 in favor of
hydrogen abstraction (35).

H* + HOCH,CH,SH — HOCH,CH," + H,S o

When the photolysis of 0.15 M methyl oleate and 0.1 M
HOCH,CH,SH was carried out in deareated ters-butanol
(t-BuOH), to our surprise large amounts (up to 20%) of methyl
stearate (saturated) were found together with the expected elaidate,
the trans isomer. Under these conditions, H* atoms add to the

H* + /N ) S

R, R, AR, ®)
H H H
. + msH — <X+ RS (9
R, Ro Ry

double bond (Eq. 5) and the resulting carbon-centered radical
reacts with RSH (Eq. 6) to give the hydrogenated olefin. Indeed, H*
atoms are known to add to 1,2-dialkyl substituted olefins very fast
ks=3x10° M s7! (35).

However, a cleaner photochemical method for the induction of
the desired isomerization without hydrogenation of double bonds
was obtained by replacing t-BuOH with i-PrOH as the solvent.
Under this condition, H® atoms are completely quenched by the
solvent (k; =5.3% 107 M~ s™') and the resulting alkyl radical reacts
with the thiol, as shown in Eqgs. 7 and 8

H* + (CH;),CHOH — H, + (CH;),C°OH )
(CH3),C*OH + RSH = (CH;),CHOH + RS" (8)

It is worth pointing out that the reaction in Eq. 8 is reversible
(36,37). Forward and reverse rate constants for the reaction of
(CH3),C*OH radical with penicillamine are kg = 1.2 X and k_g =
12 x 10" mM?! s"', respectively, which correspond to an
equilibrium constant of K = 1 X 10% Under our experimental
conditions, that is, [i-PrOH] = 13.06 M and [HOCH,CH,SH] =
0.007 M, the equilibrium is still shifted to the right but the forward
reaction is only 5-6 times faster than the reverse reaction.

The simplest model for investigating cis and trans differences
consisted of 1-palmitoyl-2-oleoyl L-a-phosphatidylcholine (POPC,
1), having the monounsaturated chain of oleic acid (9¢is-C18:1),
and its geometrical isomerization product. In fact, the thiyl radical
catalyzed process converts oleic acid to the corresponding trans
fatty acid, elaidic acid (9trans-C18:1), in an isomeric abundance
that is regulated by the thermodynamic equilibrium of Fig. 1
(17,20). The final product is a trans FA containing phosphatidyl-
choline, which is composed by 83% of 1-palmitoyl-2-elaidoyl L-o-
phosphatidylcholine (PEPC, 2) and 17% of POPC. We denoted this
mixture as PEPC-83. A degassed i-PrOH solution of POPC was
added with 2-mercaptoethanol. This solution was photolyzed at
22°C with a 5.5 W low-pressure Hg lamp. After about 30 min the
corresponding product PEPC-83 was obtained in a quantitative
yield. After purification, the trans content was established by
conversion to the corresponding FAME (26) followed by GC
analysis (17).
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1 (POPC): R, =palmitoyl, R, =oleoyl,
2 (PEPC):R =palmitoyl, R, = elaidoyl

Phase transition temperature measurements. The chain melting
transition temperature T, represents a relevant physical charac-
teristic for lipids. For a certain lipid or a lipid mixture it is the
temperature of the transition between the liquid crystalline and
gel phases. Pure PEPC is reported to have phase transition
temperature of 35°C, whereas —3°C is the T, of POPC (38).
With the use of the differential scanning calorimeter technique
(DSC), PEPC-83 transition temperature was determined to be
22.7°C.
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Figure 2. Light scattering intensities of POPC (squares) and PEPC-83
(triangles) in 0.01 M phosphate buffer, pH 7.4; scattering angle 90° at 30°C.

The spontaneous vesicle formation

With PEPC-83 the formation of unilamellar vesicles by spontane-
ous aggregation was addressed, in comparison with the corre-
sponding natural cis lipid POPC, with a particular attention to
biologically related conditions. The CAC of lipids provides
information of the minimum lipid concentration needed to form
a vesicle, and it ranges from micromolar to picomolar concen-
trations in aqueous solution (38,39). The values for cis phospho-
lipids are reported in different conditions and some data are very
old. Recent data of 8:2 POPC:phosphatidylserine mixture vesicles
are reported in 10 mM HEPES buffer at pH 7.2, with the addition
of 1 M lithium hydroxide, and the CAC value is 1 X 107 M (40).
For trans phospholipids, no data are available under more
biologically related conditions. It is known that carbon atom chain
length influences the CAC values (38), but in case of geometrical
isomers, only the configuration of the double bond changes. On the
other hand, the cis and trans aggregation modes could be different,
due to the different structural features of the two lipids. In fact, cis
double bonds confer a kink in the carbon atom chain of the fatty
acid residue, so that the spatial width of cis lipids results to be
larger than that of the corresponding saturated or trans structures
(9,38). The CAC values were determined by two methodologies,
namely, light scattering and spectrofluorimetric measurements with
a fluorescent probe inserted in the bilayer.

Light scattering measurements. CAC measurements of POPC
and PEPC-83 vesicles were performed at the temperature of 30°C,
which is above both lipid phase transition temperatures. Vesicle
suspensions were prepared by the injection method, that is, by
injecting lipid methanolic solution in the buffer solution. In this
way, unilamellar vesicles are formed (27,28). Bicine buffer, pH 8.5
or phosphate buffer, pH 7.4, were used and no significant
differences between the two buffer systems were observed. Under
varying lipid concentrations, a scattering intensity is expected only
when vesicles are present. In Fig. 2 the scattering intensities are
shown for POPC and PEPC-83 at various concentrations. The
CAC values resulted from the sharp change of scattering intensity
and the changes occurred at a similar concentration for the two
lipids, that is, at 1.6 X 10~ M for POPC and 1.3 X 107> M for
PEPC-83.

Because CAC values were similar, the other parameter to be
determined was the vesicle diameter given by cis and trans
geometries. With the use of the light-scattering apparatus, this
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Table 1. Dimensions of vesicles formed spontaneously in 0.01 M
phosphate buffer, pH 7.4, at 50°C, as determined by light scattering
measurements (scattering angle 90°)

Phospholipid* Diameter (nm)}
POPC 97 = 10
PEPC-83 728
DPPC 45+ 8

* Vesicles are obtained by methanolic injection to reach a 0.03 M lipid
concentration in buffer.

t Values are reported as mean values = SD obtained from three different
experiments. Each experiment was carried out by setting n = 5 repeti-
tions on the instrument.

measurement was carried out with a PEPC-83 molarity of 0.03 M,
a lipid concentration where the vesicles are present (cf. Fig. 2).
PEPC-83 measurement also paralleled that of a saturated lipid,
such as 1,2-dipalmitoyl phosphatidylcholine (DPPC), and the cis
lipid, POPC. The comparison was made at 50°C, a temperature that
is above the phase transition temperatures of all three phospho-
lipids. Interestingly, trans phospholipid vesicle diameter was found
to be 25% smaller than that of cis vesicles. Table 1 reports the
values as the average of three different experiments. The polar head
is identical for the three phospholipids, so the influence of fatty
acid residues can be appreciated and vesicle diameter increases in
the order saturated < trans < cis. The substantial diameter
difference observed between saturated and trans lipids is remark-
able, as trans vesicles are 60% larger than saturated ones.

Evaluation of cis and trans vesicle properties

Fluorescence measurements. The properties of vesicles of different
compositions can be studied by means of a fluorescent probe
inserted within the bilayer. We chose cis-parinaric acid as the
probe, because this molecule is known to be fluorescent only when
it is within the lipid bilayer (29,30). Suspensions of POPC and
PEPC-83 were prepared by the injection method, and then lower
PC concentrations were obtained by diluting the former suspen-
sion. The buffers used were 0.2 M bicine, pH 8.5 or 0.01 M
potassium phosphate, pH 7.4, and the temperature was set at 35°C.
To each of these suspensions, the same amount of the probe was
added to reach a final 1 pM concentration, and the fluorescence
emission was monitored at 415 nm upon excitation at 305 nm. The
results were independent of the buffers used and similar for cis and
trans isomers. Figure 3 shows a representative behavior of cis-
PnA fluorescence emission as a function of POPC or PEPC-83
concentrations in phosphate buffer (Fig. 3, A and B, respectively).
It can be seen that fluorescence disappeared below a certain lipid
concentration, evidently due to the lack of a lipid environment for
probe insertion. The smallest concentration for observation of
fluorescence was the same for POPC and PEPC-83, in the range of
4-5 X 1075 M. This analysis provided a complementary evaluation
of the vesicle formation process in condition of progressive
dilution. In other words, the preformed unilamellar vesicles are
diluted until they no longer reach the minimum lipid concentration
to remain as aggregates. In absolute values, this latter methodology
gave different values from the previous one with light scattering
intensity. This could be due to interferences from dust particles
during measurement, which are known to affect the sensitivity. An
in-depth evaluation of the methodologies, however, is beyond the
scope of the present work. Both results confirmed that the
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Figure 3. cis-Parinaric acid fluorescence emission in POPC (A) and PEPC-
83 (B) vesicles. Measurements were carried out at 35°C in 0.01 M
phosphate buffer, pH 7.4 (Aexc = 305 nm; Aem = 415 nm).

aggregation modes of cis and trans lipids are not significantly
different. Therefore, it can be concluded that the process of vesicle
formation is independent from the geometry of the lipid molecule.

The “matrix effect.”’ The phenomenon of matrix effect was
reported some years ago after the observation of the influence of
preformed vesicles on the organization of newly formed micelles
or vesicles (41). This is a complex effect given by preformed
vesicles, which influence the further formation of vesicles or
micelles from an added lipid, in terms of the size distribution and
kinetics. For example, it was ascertained for preformed POPC
vesicles that added oleate micelles aggregate much faster, and the
final distributions appeared very close to the initial ones,
demonstrating the effective matrix role of POPC vesicles. The
ratio between POPC and the added component is also very
important. The matrix effect shows that there is an important
interaction between the two systems (POPC vesicles and oleate
micelles) and favors the ““division hypothesis, based on the self-
replication of the vesicles, which keeps the sizes as the initial
values (42). The dynamic light scattering technique represents
a good approach for understanding the behavior of the system and
its dimensional changes. In analogy with previous studies, 0.2 M
bicine buffer, pH 8.5, was used as the medium where a 2.2 mM
PEPC-83 suspension was prepared at a temperature of 30°C. A
22 mM sodium oleate micelle solution in methanol was injected in
the preformed PEPC-83 vesicle suspension, in order to reach a final
total lipid concentration of 4 mM. The size distribution before and

——d— Before injection
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Figure 4. Intensity-weighted size distribution calculated from DLS by
Contin analysis (scattering angle 90°, A = 633 nm, temperature 30°C). The
first trace (monomodal distribution) is related to PEPC vesicle dimension,
and the second trace to the addition of sodium oleate micelle solution
injected into the PEPC suspension (1:1 ratio; final lipid concentration
4 mM). The dashed line (bimodal distribution) is related to the blank
experiment, that is, the injection of sodium oleate micelle suspension in
the buffer.

after the oleate micelle injection was evaluated by light scattering,
and the results are shown in Fig. 4.

The influence of PEPC liposomes on the final size distributions
is clear, because there is no relevant change of the monomodal size
distribution before and after injection. For comparison the sole
oleate micelle suspension was also injected in the buffer and
a bimodal size distribution was found (Fig. 4, dashed line). The
“matrix effect” was thus confirmed for the trans unsaturated
vesicles as preexisting vesicles; therefore, if trans components are
first present, they can drive the size distribution of vesicles
subsequently formed by addition of other lipid components.

Permeability measurements by the leakage of carboxyfluores-
cein (CF) from vesicles. The permeability of vesicles formed by
POPC and PEPC-83 was evaluated by measuring the spontaneous
release of the hydrophilic and polar fluorescent dye CF,
encapsulated in the vesicles at a self-quenching concentration
(31). Encapsulation was carried out as already described (43).
Leakage into the surrounding medium was monitored as the
increase of fluorescence intensity due to the dilution of the
water-soluble probe. The leakage was examined from unilamellar
vesicles obtained by extrusion through a 100 nm polycarbonate
filter (44) at 37°C, which is well above the phase transition
temperatures of the two lipids. Figure 5 shows the time-dependent
increase of fluorescence due to the release of the dye from POPC
and PEPC-83 vesicles. Enhancement of the fluorescence intensity
was slow in the case of trans-PC vesicles, whereas the release from
vesicles composed of cis-unsaturated phospholipids occurred at
higher rates.

This behavior is due to the different packing of trans-acyl chains
that are more ordered than cis-acyl chains, and it is known that
ordered lipid structure decreases solute permeability (9,11,43).
Thus, the experiments confirmed that functional properties of trans-
model membranes, such as permeability, are different from the
natural cis membranes. It is worth recalling that an even larger
change in the barrier properties occurs in the presence of a saturated
bilayer, and the regulation of fluidity and permeability of
membranes results from a fine balance of several structural
contributions, including lipid polar heads and hydrocarbon tails.
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Figure S. Time course of CF release from unilamellar vesicles composed
of either POPC or PEPC-83 incubated in 50 mM Tris-HCI, 100 mM NaCl,
pH 7.4, at 37°C.

Based on the overall knowledge on the different contributions
given by saturated, cis and trans unsaturated fatty acid residues, it
can be concluded that a balance of the functional properties of
membranes could have been achieved by mixing these three
components. Under this point of view, the exclusion of trans
structures from the eukaryotic membranes is not straightforward.

Electron microscopy measurements. A relevant difference
among saturated, cis and trans lipid structures, as emerged in the
light scattering analyses, was the vesicle diameter. This feature was
also investigated by using electron microscopy. After preparation
of POPC and PEPC-83 vesicles in buffer, pH 7.4, by the injection
method, as previously described, suspensions were used for
examination with electron microscope after negative staining
with 2% phosphotungstic acid. Figure 6 shows representative
pictures of cis and trans vesicles, which are mostly unilamellar with
a regular size, as expected from the methodology (27,28). By
evaluation of an average number of vesicles (n = 100), the trans
vesicle diameter was found to be 101 * 7 nm, whereas cis vesicle
diameter was 127 = 8.9 nm. Thus, cis and trans vesicle diameter
differs by ca. 25% (P < 0.0001), as shown above by light
scattering analysis (vide supra).
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CONCLUSIONS

Cis-trans isomerization by photochemically generated thiyl radicals
provides a general and easy methodology to prepare trans-FA-
containing phospholipids. In this article PEPC-83 was prepared,
a phosphatidylcholine containing 83% of a trans fatty acid isomer
such as elaidic acid, and new data were obtained related to the
influence of geometrical trans lipid isomers in model membranes.

Chain melting transition temperature T,,, CAC value and vesicle
dimension are here reported for the first time for a trans-FA-
containing lipid. Comparison of CAC values with the correspond-
ing cis lipid under identical conditions revealed that the two
geometrical lipid isomers aggregate at almost the same concentra-
tion. On the other hand, the diameter of the cis vesicle was found to
be 25% larger than the corresponding trans-FA-containing vesicle.
The type of fatty acid residues influence the vesicle dimensions,
which decrease along the series cis > trans > saturated.
Furthermore, the influence of the trans geometry on membrane
permeability was also assayed.

What is the contribution of the present work to the original
question of the a priori exclusion of a trans lipid from the
eukaryotic cell membrane composition? From our data, it seems to
be traced back to effects of a natural selection obtained during cell
evolution, both in terms of compartment dimensions and functions.
This motivates further work on models where trans fatty acids are
mixed at different concentrations with the other naturally occurring
lipids, to investigate the minimum trans contents influencing
vesicle characteristics. The presented data, together with the known
properties of cis and trans isomers, give a contribution to the
complex scenario of membrane formation, for a full understanding
of the role of lipid geometry in living organisms.
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Figure 6. Micrography of cis (A) and trans (B) vesicles formed by the injection method.
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